In three experiments, mice from lines selected for resistance ( R ) or susceptibility ( S ) to growth depression from endophyte-infected fescue seed in the diet were fed diets containing infected (E+) or non-infected ( E−) seed. Activities of liver enzymes known to participate in oxidation, reduction, or hydrolysis or in conjugation of xenobiotics were measured in these mice. In all experiments, E+ caused greater reduction in initial ADG of S than of R mice. In Exp. 1, liver cytochromes P450 and b5 activities were not affected by line, diet, or their interaction. These enzymes were not evaluated in subsequent experiments. In all experiments, glutathione-S-transferase (GST) and uridine diphosphate glucuronosyltransferase (GRT) activities differed between lines.
Introduction
Tall fescue toxicosis causes annual losses to beef cattle production in excess of $600 million (Hovland, 1993) , as well as adversely affecting animal wellbeing. Cattle may vary genetically in their response to tall fescue toxicosis (Lipsey et al., 1992; Nutting et al., 1992; Brown et al., 1996) , but experimentation to document such variation is slow and expensive. Laboratory mice suffer reduced growth, reproduction, and lactation when fed endophyte-infected tall fescue seed (Zavos et al., 1987; Godfrey et al., 1994; Miller et al., 1994) and might therefore serve as a model to study genetic variation in response to tall fescue toxicosis.
For eight generations, mice descended from ICR founders were selected for susceptibility ( S) or resistance ( R) to the impact on postweaning growth of endophyte-infected tall fescue seed in the diet. In three experiments, growth and activity levels of liver enzymes possibly related to detoxification reactions were then monitored, following postweaning exposure of R-and S-line mice to diets containing tall fescue seed either infected ( E+) or not infected ( E−) with endophyte. Our objective was to identify physiological traits indicative of genetic variation in mammals in response to tall fescue toxicosis. Results from those experiments are reported herein.
Materials and Methods

Animal Management
Before these experiments began, selection for divergence in response to tall fescue toxicosis was carried out for eight generations, which required slightly over 2 yr. Mice from divergently selected parents in Generations 8 and 10 and from randomly chosen parents in Generation 11 were used in the experiments described here. Throughout the project, environmental conditions and animal management were changed as little as possible.
Mice were housed in a single room of the university Laboratory Animal Vivarium. Temperature was maintained at an average of 24°C, and fluorescent lights were on from 0700 to 1900 each day. Mice were housed in 15-cm × 21-cm × 29-cm transparent plastic cages with continuous flow nipple waterers or, less frequently, in 12-cm × 17-cm × 28-cm translucent plastic cages with bottle waterers. Until Generation 11, pine wood shavings were used for bedding and, except when mice were being evaluated for response to tall fescue toxicosis, all individuals had ad libitum access to pelleted rodent diet (ProLab RMH 3200, Agway, Syracuse, NY). During Generation 11, a paper fiber product was used for bedding, and the source of the ad libitum pelleted diet was changed (Harlan Teklad 7001, Harlin Sprague Dawley, Madison, WI) .
To initiate the selection experiment, 42 male and 84 female 3-wk-old ICR mice were purchased (Harlan Sprague Dawley, Indianapolis, IN). In the base generation, each male was paired at 8 wk of age with two purchased females for 7 d of mating. In all subsequent generations, each selected male was mated with one selected female for 5 d. In each generation except Generation 11, litters with over 11 offspring at birth were reduced to 11 by killing randomly chosen excess pups. In that last generation, females were allowed to rear all of their young. In all generations, all litters were weaned when the youngest litter reached 21 d of age.
Selections for R-and S-line parents were made after a 4-wk postweaning test, to be described. Matings were made as soon as feasible after the youngest mouse reached 56 d of age. Males and females were paired at random except for the prohibition of mating between full-sibs.
Selection for Toxicosis Response
Individual mice were tested for toxicosis response by quantifying the reduction in their growth rate when endophyte-infected fescue seed was present in the diet, compared to their growth rate when fescue seed not infected with endophyte composed the same diet proportion. This was accomplished as follows.
Mice were weighed individually at weaning. Four like-sexed, non-littermate mice were then assigned to each cage. For 2 wk, all mice were provided ad libitum access to a diet of 50% commercial rodent food and 50% tall fescue seed, ground to pass a 1-mm screen and thoroughly mixed. This seed was from an endophyte-free variety ('Forager'), and this diet is hereafter called E−. For the following 2 wk, the mice were provided ad libitum access to a finely ground and thoroughly mixed diet of 50% rodent food and 50% endophyte-infected 'Kentucky 31' tall fescue seed (E+). Mice were individually weighed every 7 d, and fresh food was provided three times per week.
Using statistics computed separately from data for each line × generation subclass, individual weekly mouse weights were adjusted by within-sex linear regression to a standard age at the beginning of the feeding trial and then additively to a male equivalent. Average daily gains of each mouse during E− and E+ feeding were then computed as the linear regression coefficient of weight on days on feed. The ADG during E− feeding (ADG:E−) was computed from weights taken at weaning and at 1 and 2 wk into the test, and ADG during E+ feeding (ADG:E+) was computed from weights recorded at 2, 3, and 4 wk. The measure of toxicosis response for an individual mouse was
that is, the percentage reduction in ADG associated with E+ feeding. The average mouse would have grown more slowly the latter 2 wk of the test, even if the diet had not been changed. To allow the effects of advancing age and the E+ diet to be partitioned, control groups were formed by assigning at least one randomly chosen male and female from each litter to cages maintained on the E− diet the entire 4-wk test. Genetic merit for toxicosis response could not be estimated on these control individuals, and they were not eligible for subsequent selection.
Probable breeding value ( PBV) for toxicosis response of each tested mouse was computed from the mouse's own percentage reduction in ADG ( R M , as described above) and from average percentage reduction in ADG of the litter to which it belonged ( R L in Formula 2). This was done to increase accuracy of breeding value estimation and rate of response to selection. The formula used (Falconer, 1981, p. 215) was as follows:
where r = the genetic relationship (.50) among littermates, t = the observed intraclass correlation among littermates for R M , computed from nested ANOVA of records, and R P = population average R M of all tested mice in the R or S line for that generation. Within each line, mice of each sex were ranked for PBV. In the R, or resistant, line, males and females were selected that had the largest negative PBV. These would be the mice (and from the litters) in which reduction in ADG during E+ feeding was smallest. In the S, or susceptible, line, animals from litters with the largest positive PBV were selected. Forty males and 40 females were chosen to propagate each line in each generation. To reduce the accumulation of inbreeding, however, whenever possible no more than two animals per sex were chosen from any one litter.
From termination of the 4-wk postweaning test, through selection and mating, then during gestation and lactation for the resultant litters, mice were provided ad libitum access to the pelleted commercial rodent food.
Experiments to Evaluate Growth and Physiological Variables
Experiment 1. In the first of three experiments, mice born following the eighth generation of selection participated in a 4-wk postweaning test as described above. The 'Forager' variety tall fescue seed in the E− diet was free of ergot peptides, whereas the 'Kentucky 31' seed in the E+ diet contained 2,275 ppb (dry weight basis) of ergovaline plus ergovalinine (HPLC analysis by the Fescue Diagnostic Center, Auburn University, AL). From 36 R litters, 227 mice were tested and 40 served as controls. From 37 S litters, there were 226 tested mice and 44 controls. Two weeks following the termination of the test, up to 16 male mice from each of four groups were killed to collect livers for analysis of uridine diphosphate glucuronosyl-transferase ( GRT) , glutathione-S-transferase ( GST) , and cytochromes P450 and b5 enzyme activities. These four groups were R-and S-line mice either tested as usual (i.e., 2 wk on the E− diet followed by 2 wk on the E+ diet) followed by an additional 2 wk on E+ or fed the E− diet for that entire 6 wk.
Weaning weight and ADG:E− (i.e., gain of all mice the first 2 wk postweaning) were analyzed by ANOVA in GLM of SAS (SAS, 1985) with genetic line as the single fixed effect. The mathematical model for analysis of ADG the second 2 wk postweaning (ADG: E+), R M , and the physiological variables included selection line, treatment (i.e., whether mice were fed the E+ diet the second 2 wk through the time they were killed or whether they remained on the E− diet during this time), and the line × treatment interaction.
Experiment 2. Remaining eighth-generation mice that had been subjected to the E+ diet were ranked within line for PBV (Formula 2). Forty selected pairs per line were mated in a diallel design ( R × R, R × S, S × R, and S × S). Following weaning, all 558 offspring from these matings were fed the E− diet for 2 wk and then the E+ diet for 2 wk. Physiological variables were not evaluated on any of the mice in this generation, and growth data are not reported here. After the termination of their postweaning gain test, PBV for toxicosis response (Formula 2 ) were computed for progeny from R × R and S × S matings, as previously described. Forty males and 40 females were then selected from each line and mated to produce Generation 10 offspring to be used in Exp. 2.
At weaning, these mice were randomly assigned to either the E+ or E− diet for the following 6 wk. Tall fescue seed in these diets was not analyzed for content of ergot alkaloids. Mice were weighed once per week. At the termination of that test, 128 mice (i.e., 16 per line × diet × sex subclass) were killed, and livers were collected and preserved for analysis of GRT and GST enzyme activity. Data for growth and physiological variables were analyzed by ANOVA with fixed sources of variation for line, diet, and sex, significant interactions among those effects, and the random effect of litter nested within line.
Experiment 3. Parents for Generation 11 were selected at random from remaining R-and S-line E+ tested mice, with the stipulation that replacements be chosen from as many litters as possible. Thus, this was the first generation of relaxed selection. Twentyfive single pair matings were made within each line, resulting in 22 R and 18 S litters born. At weaning, 14 randomly chosen males from each line, but not more than one mouse per litter, were killed, and their livers were collected and frozen. Additional male mice were assigned five per cage to seven blocks of four groups: RE+, RE−, SE+, and SE−. Each block was composed of four adjacent cages, with treatments assigned at random to cages within blocks.
The postweaning feeding trial on the E− or E+ diet lasted for 5 wk. Ergot alkaloid content of tall fescue seed in the diets was not quantified. After each 7 d, one randomly chosen mouse from each cage was killed, and its liver was collected and frozen for later analysis of GST and GRT activity. Thus, R and S mice were killed before imposition of fescue-seed-containing diets and after 1 through 5 wk of exposure to the E− or E+ diet.
Weaning weights of all tested mice and data for GST and GRT of the mice killed at weaning were subjected to ANOVA with fixed sources of variation for line, age at weaning (ranging from 21 to 26 d), and number of mice born in the litter (ranging from 7 to 16). For data on mice killed after 1 through 5 wk on test, the model included sources of variation for line, diet, weeks postweaning when mice were killed, and interactions among these effects. For the two physiological variables, the model also contained an effect for assay number, because not all biochemical analyses for a trait could be conducted at the same time.
Tissue Sampling and Laboratory Analyses. Mice were killed by cervical dislocation. Livers were excised, put immediately on ice, and within 2 h frozen at −70°C until homogenates were prepared.
Buffer salts, enzyme substrates 1,2-epoxy-(pnitrophenoxy) propane and 2-aminophenol, glutathione ( GSH) , glycerol, trichloroacetic acid ( TCA) , sodium nitrite, ammonium sulfamate, and N-(1-naphthyl) ethylenediamine dihydrochloride were obtained from Sigma Chemical (St. Louis, MO). Livers were homogenized using a Brinkman Polytron (Brinkman Instruments, Westbury, NY). The homogenates were centrifuged using a Sorvall RC-5B centrifuge (Dupont, Wilmington, DE) and a Beckman L8-80M Ultracentrifuge (Beckman Instruments, Palo a Whether mice were fed the E− diet for 6 wk after weaning (control) or whether they were fed the E− diet for 2 wk followed by the E+ diet for 4 wk; E+ diet contained endophyte-infected fescue seed; E− diet contained non-infected fescue seed.
b Glutathione-S-transferase. c Uridine diphosphate glucuronosyl-transferase. d Not included in the ANOVA for this variable.
Probability of a larger F ratio for Alto, CA). Colorimetric determinations were performed using a DMS-100 UV-VIS spectrophotometer (Varian, Sugar Land, TX). The livers were weighed, and a 25% homogenate was prepared in .1 M phosphate buffer (pH 7.4) containing 1.15% KCl. The liver homogenate was centrifuged for 10 min at 11,000 × g at 5°C. The supernatant was recentrifuged for 60 min at 120,000 × g at 5°C, and the cytosol was removed and stored at −70°C. The microsomal pellet was resuspended in 10 mM Tris-acetate buffer (pH 7.4), containing .1 mM EDTA and 20% (wt/vol) glycerol, to a volume equal to the volume of cytosol removed. The resuspended microsomes were stored at −70°C until assayed.
Cytochrome P450 and b5 enzyme activities were measured in the liver microsomal fraction according to previously reported methods (Mazel, 1971) .
Uridine diphosphate glucuronosyl-transferase activity, using 2-aminophenol as a substrate, was determined according to the procedure described by Dutton et al. (1981) with modifications. Isolated liver microsomes (125 mL ) were added to an assay mixture containing .5 mM 2-aminophenol, 4 mM uridine diphosphate glucuronic acid, 1 mM ascorbic acid, and 10 mM magnesium chloride in 75 mM Tris-maleate buffer (pH 7.4) in a total of 650 mL. The mixture was incubated at 37°C for 20 min, stopped by addition of 650 mL of 1.0 M TCA, and centrifuged for 5 min at 10,000 × g. To 1.0 mL of supernatant was added 2.5 mL of 1.0 M phosphate buffer (pH 2.3). Then, .5 mL each of .2% sodium nitrite (wt/vol), 1.0% ammonium sulfamate (wt/vol), and .2% N-(1-naphthyl) ethylenediamine dihydrochloride (wt/vol) was added at 3-min intervals with vortexing after each addition. The reaction was then incubated in the dark at room temperature for 90 min and absorbance was read at 550 nm ( e 550 = 3.9 × 10 4 ·M −1 ·cm −1 ) .
Glutathione-S-epoxytransferase activity was determined using 1,2-epoxy-(p-nitrophenoxy) propane as a substrate, according to previously described procedures (Fjellstedt et al., 1973; Kaplowitz et al., 1975) . A 2.0-mL reaction volume containing 10 mM GSH, .05 mM 1,2-epoxy-(p-nitrophenoxy) propane, and 120 mL of the liver cytosol in .1 M phosphate buffer (pH 6.5) was incubated at 37°C. Enzyme activity was determined as the change in absorbance at 360 nm ( e 360 = .51 m·M −1 ·cm −1 ) over a 10-min incubation.
Cystolic and microsomal proteins were determined using the protein-dye binding method (Bradford, 1976) with bovine serum albumin as the standard.
Results and Discussion
Experiment 1. Levels of statistical significance for genetic line, dietary treatment, and interaction effects from ANOVA of weights and gains are in Table 1 . Average male-equivalent weaning weights were 17.66 ± .14 and 17.30 ± .14 g for R and S lines, respectively ( P = .07). In the initial 2 wk postweaning, ADG:E− of S mice averaged 14% higher than that of R mice (656 ± 9 vs 575 ± 9 mg, respectively, P < .01). Thus, selection for our criterion of toxicosis response altered, as a correlated response, postweaning growth rate that was expressed before imposition of the toxincontaining diet. The selection criterion was based on individual and litter reduction in ADG in a later life cycle stage when the E+ diet was fed compared with an earlier life cycle stage (when the E− diet was fed). This criterion resulted in selection for rapid early growth in the S line and slower early growth in the R line, in addition to any selection for response to tall fescue toxins in the diet.
Both ADG:E+ and R M differed significantly between selection lines, but line differences were modulated ( P < .01 and P = .06, respectively) by the line × treatment interaction ( Table 1) . As shown in the left portion of Figure 1 , during the second 2-wk period postweaning, R-line mice continued to grow more slowly than S-line mice on both diets. However, their ADG was not depressed by the E+ diet, whereas ADG of S-line mice on E+ was significantly depressed. Also in S-line mice (right portion of Figure 1 ), the percentage reduction in gain ( R M ) in the latter compared to the earlier 2-wk period was greater in mice consuming the E+ diet than in mice consuming the E− diet. In the R-line, however, R M did not differ significantly between E− and E+ groups. Thus, selection had been effective in altering response to the E+ diet, in addition to its unintended effect on early and subsequent growth of the mice. figure) and the average reduction in gain in the second 2-wk compared to the first 2-wk period after weaning (right portion of figure) . The E+ diet contained endophyte-infected fescue seed; the E− diet contained non-infected fescue seed. figure) . The E+ diet contained endophyte-infected fescue seed; the E− diet contained non-infected fescue seed. Activities of cytochromes P450 and b5 enzymes in liver microsomes of mice killed 6 wk following weaning averaged .94 ± .02 and .95 ± .03 nmol·min −1 ·mg of protein −1 , respectively. Neither activity was significantly affected by selection line, diet, or their interaction (Table 1) . Thus, these particular hepatic phase I biotransformation reactions (Sipes and Gandolfi, 1991) seem not to have been influenced by selection. Enzyme activities for two phase II biotransformation reactions did, however, differ between selection lines (Table 1) . Whether mice had been on the E+ or the E− diet the previous 4 wk, GST was higher in R than in S individuals ( P < .01, left portion of Figure 2 ). Alternatively, GRT activity was higher in R than in S mice only in those tested on the E+ diet (interaction P = .02, left portion of Figure 3 ).
Experiment 2. Dams from the S line were 7%
heavier than R-line dams when their litters were weaned ( P < .01, Table 2 ), consistent with results from Exp. 1 suggesting higher growth potential of Sline mice. However, R-line offspring were approximately 3% heavier than S-line offspring at weaning ( P < .01). Part of this difference could be attributable to the numerically but not significantly smaller litter size weaned by R-line dams. The S line might also be poorer than the R line in preweaning maternal effects on offspring growth.
In Table 3 , least squares means for the four line × diet subclasses are presented for postweaning ADG and weight at termination of the 6-wk test. Because line, diet, and line × diet interaction effects generally were substantial ( P < .01) for all traits, there will be no further documentation of probability levels in subsequent discussion. The E+ diet depressed ADG during the first 2 wk by 18% in R-line mice and by 35% in S-line mice. This supported the conclusion from Exp. 1 that selection had caused divergence between the lines in response to endophyte-infected tall fescue seed in the diet. In the following 4 wk, mice of both lines seemed to adapt to the E+ diet. Resistantline mice on E− and E+ diets grew at similar rates, numerically higher on the E+ diet but not significantly so. In contrast, S-line mice on the E+ diet exhibited dramatic compensatory gain during the final 4 wk, growing .095 g/d faster than their E− counterparts and weighing only .29 g less at the end of the trial. In contrast, R-line mice on the E− diet were 1 g larger than their E+ counterparts at the end of the trial. The ANOVA of physiological variables is presented in Table 4 and least squares means for the four line × diet subclasses are in Table 3 . Average GST activity of R-line mice was greater than that of S-line contemporaries ( P = .02), but the line difference was significant only on the E− diet (right portion of Figure  2 ). For GRT, the line effect was significant ( P < .01) and the line × diet interaction approached significance ( P = .07). Enzyme activity of S-line mice was higher on the E+ than on the E− diet (right portion of Figure  3) ; in Exp. 1, E+ had been associated with increased enzyme activity in R-line individuals (left portion of Figure 3 ). Experiment 3. Male S-line mice were 16% heavier at weaning ( P < .01) than R-line males. The pooled linear regression coefficient of weaning weight on age at weaning was 1.06 ± .12 g/d ( P < .01), and the regression coefficient of individual weaning weight on number of mice weaned per litter was −.24 ± .08 g ( P < .01).
Because samples of mice were killed at weaning and then every 7 d of the 5-wk test period, the growth pattern of the mice was described as follows. Least squares means for weaning weight of male mice of the two genetic lines were taken from the ANOVA described in the previous paragraph. Data for gain during the 1st wk of the test from 137 mice were analyzed to determine significance of line, diet, and interaction effects, and least squares means were recorded for line × diet subclasses. These least squares means for 7-d gain were added to least squares mean weaning weights to estimate subclass means for weight 1 wk into the test. Data for gain during the 2nd wk on 109 surviving mice were similarly analyzed and least squares means for 7-d gain were added to weights 1 wk into the trial to estimate subclass mean weights 2 wk into the test. This procedure was repeated through the end of the test. Growth patterns described using this procedure are shown in Figure 4 .
During the 1st wk on test, growth of S-line mice on the E+ diet was much lower than that of their contemporaries on the E− diet. The following week, they expressed compensatory gain, growing more rapidly than E− contemporaries. A tendency for compensatory gain continued in S-line mice, because at 1 through 5 wk, mice fed E+ weighed 13.8, 5.9, 4.5, 3.1, and 2.9%, less, respectively, than their contemporaries on the E− diet. In the R line, mice on the E+ diet were 10.2, 8.8, 7.1, 8.1, and 7.1% lighter than E− contemporaries after 1 through 5 wk on test. Thus, R Figure 4 . Growth patterns of resistant-and susceptible-line mice on E− and E+ diets for up to 5 wk after weaning in Exp. 3. In parentheses on the abscissa are standard errors of a subclass mean. The E+ diet contained endophyte-infected fescue seed; the E− diet contained non-infected fescue seed. Figure 5 . Glutathione-S-transferase activity (GST, nanomoles per minute per milligram protein) in livers of resistant-(R) and susceptible-line (S) mice killed at weaning or after 1 to 5 wk on the E− or E+ diet in Exp. 3. At weaning the standard error of a subclass mean was 1.17; for other data, the pooled standard error was 1.69. The E+ diet contained endophyte-infected fescue seed; the E− diet contained non-infected fescue seed.
mice consuming the E+ diet experienced no additional growth depression beyond that elicited during the 1st wk, but they showed little tendency to recover from the initial depression in growth.
At weaning, GST activity was significantly influenced by genetic line and assay number (both P < .01). For mice killed after from 1 to 5 wk on the E− or E+ diet, significant effects on GST activity were line, diet, assay number, the line × diet interaction, and the interaction between diet × number of weeks after weaning when mice were killed. Subclass means for line × diet groups plotted against time are in Figure 5 . At weaning ( P < .01), R-line mice had higher GST activity than S-line mice. Diet did not influence GST activity in the R-line mice, as was also true in Exp. 1 and 2. However, GST was lower in S-line mice on the E+ diet than in S-line mice on the E-diet (line × diet interaction P < .01). As a consequence, R mice had higher postweaning GST levels than S mice only on the E+ diet. The GST activity of both lines was highest at weaning, before any of the mice were exposed to the E+ diet. After the 1st wk postweaning, it did not change systematically with advancing age.
As illustrated in Figure 6 , the R-line mice tended to have higher GRT activity than S-line mice at weaning ( P = .07), and their average levels were higher during the postweaning period ( P < .01). Diet had no significant effect on GRT activity in either line. Enzyme activity increased between 1 and 3 wk after weaning in all groups, after which it trended upward in R-line mice and trended downward in S-line mice.
Discussion. Different lots of endophyte-infected tall fescue seed were used for each of the three experiments, and ergot alkaloid content was assayed on only one of them. Some of the differences in line, diet, and interaction effects between experiments may be attributable to different levels of toxic challenge. In addition, however, the objectives of the three experiments required that mice be tested for different durations and at different ages. This might also have contributed to differences in results.
In all three experiments, postweaning growth of the R-and S-line mice responded differently to endophyteinfected fescue seed in the diet. In Exp. 1, provision of the E+ diet in the 3rd and 4th wk after weaning lowered ADG of S mice compared to that of contemporaries on the E− diet. Growth rate of R mice on the E+ diet did not differ, however, from that of their E− diet controls. In Exp. 2, imposition of the E+ diet in the first 2 wk following weaning had twice as large a percentage detrimental effect on ADG of S-line as on R-line mice. During the following 4 wk, S-line mice expressed substantial compensatory growth whereas R-line individuals did not. By 6 wk after weaning, Sline mice on E− and E+ diets did not differ significantly in weight, whereas R-line mice on the E+ diet were 1 g lighter ( P < .01) than R-line mice on the E− diet. Consistent with this result, S-line mice in Exp. 3 suffered a larger E+ diet-induced initial depression in postweaning growth than R-line mice but showed a greater tendency for compensatory gain. Zavos et al. (1988) , Godfrey et al. (1994), and Miller et al. (1994) also reported a depressive effect of Figure 6 . Uridine diphosphate glucuronosyl-transferase activity (GRT, nanomoles per minute per milligram protein) in livers of resistant-(R) and susceptible-line (S) mice killed at weaning or after 1 to 5 wk on the E− or E+ diet in Exp. 3. At weaning, the standard error of a subclass mean was .06; for other data, the pooled standard error was .09. The E+ diet contained endophyte−infected fescue seed; the E− diet contained non-infected fescue seed.
endophyte-infected fescue seed in the diet on growth rate in mice. Their studies are not directly comparable to ours because of different strains, diets, experimental conditions, and life cycle stages for testing. In Godfrey et al. (1994) , growth rate depression in lactating females and nursing pups did not differ significantly between a non-selected control strain and a population that had undergone long-term selection for fecundity. Miller et al. (1994) identified differences among inbred mouse lines in apparent susceptibility to tall fescue toxicosis, but differences were not consistent across ages or experimental conditions. The current experiments are the first demonstration of which we are aware of selection in the laboratory mouse for growth rate response to toxins in endophyte-infected tall fescue.
Variation among and within species in susceptibility to different toxicants is usually associated with relative differences in metabolism rather than to differences in receptor configuration (deBethizy and Hayes, 1989) . Therefore, liver enzymes known to be important in xenobiotic metabolism and also known to be inducible were measured in these experiments. Phase I enzymes often participate in the initial oxidation, reduction, or hydrolysis reactions of xenobiotics, whereas phase II enzymes usually promote conjugation reactions with the metabolites formed by phase I enzymes (Sipes and Gandolfi, 1971) . Cytochromes P450 and b5 are phase I enzymes that have been reported to be induced by more than 200 large lipophilic xenobiotics (Mazel, 1971; deBethizy and Hayes, 1989) . A particular isoenzyme (CYP3A4) of the cytochrome P450 group has been associated with the initial metabolism via deethylation of a particular ergot alkaloid by human liver microsomes (Ball et al., 1992) . However, the cytochrome activities measured in Exp. 1 did not differ in the R-and S-lines of mice.
Activity of GST was significantly higher in R-than in S-line mice on both diets in Exp. 1 but only on the E− diet in Exp. 2 (Figure 2) . In Exp. 3 (Figure 5 ), GST activity was significantly higher in R-than in Sline mice at weaning (i.e., before imposition of the fescue seed diets) but not consistently so thereafter. Activity of GRT was significantly higher in R-than in S-line mice only on the E+ diet in Exp. 1 but only on the E− diet in Exp. 2 (Figure 3) . In Exp. 3 (Figure 6 ), GRT activity of R-line mice was significantly higher than that of S-line mice at weaning and after 4 wk on the E+ or E− diets. Thus, selection seems to have altered the activities of these two biotransformation enzymes. Furthermore, higher enzyme activities of the resistant-line mice sometimes were expressed before or without dietary exposure to the toxin. These particular enzyme families had been chosen for measurement partly because of previous reports of their inducibility.
Phase II enzymes such as GST and GRT have also been induced by a number of compounds (Kaplowitz et al., 1975; deBethizy and Hayes, 1989; Buetler et al., 1995) . Induction of phase II enzymes without induction of phase I enzymes has been called monofunctional induction (Buetler et al., 1995) . Although GST and GRT are actually groups of isozymes that catalyze different but related reactions, the monofunctional inducers often increase most of the isozymes within a group (Buetler et al., 1995) . Therefore, even if glutathione-S-epoxytransferase is not one of the glutathione-S-transferase enzymes responsible for metabolism of ergot peptides, it may be a good marker for one of the other glutathione-S-transferase enzymes that might play a major role in ergot metabolism. Some of the antioxidants such as tert-butylated hydroxyanisole and ethoxyquin are considered monofunctional inducers (Buetler et al., 1995) . One characteristic of these monofunctional inducers is that they are electrophilic compounds that can react with glutathione.
Knowing that GST and GRT activities tend to be higher in R-line mice might lead to methods for avoiding fescue toxicosis in cattle. Feeding approved antioxidants to cattle might increase GST and GRT activities in the liver. Cattle breeds thought to be more resistant to tall fescue toxicosis, such as Brahman (Nutting et al., 1992; Brown et al., 1996) , should have phase II liver enzyme activities compared with those of more susceptible breeds. Individual cattle in susceptible breeds that have higher phase II enzyme activity might be selected to enhance resistance to tall fescue toxicosis in their progeny.
Implications
These experiments establish that selection for divergence in response to tall fescue toxicosis in mice has been effective. On a diet containing endophyteinfected tall fescue seed, mice from the resistant line suffered less growth depression than mice from a susceptible line. A possible biochemical mechanism for the difference is the generally higher activities in resistant than in susceptible mice of two enzymes involved in detoxification reactions in the liver. We speculate that it may be possible, using such physiological traits, to select cattle for resistance to tall fescue toxicosis.
